The effect of prior-austenite grain size (PAGS) on bainitic ferrite (BF) morphology and effective grain size in a pipeline steel under an industrial cooling conditions was investigated. With PAGSs of 22.3 m and 37.0 m, BF laths with a parallel morphology could be seen, while as the PAGS is increased to 52.4 m or 62.8 m, more interlocking BF microstructures were observed. Detailed crystallographic analysis identified that intense BF variant selection occurs for the small-grained austenite, but due to the large austenite grain quantity and thus the large total austenite grain boundary area per unit volume of the small-grained austenite, with the reduction of PAGS from 62.8 m to 22.3 m, the effective grain size of the transformed microstructure gradually decreases from 9.5 m to 5.6 m. In the meanwhile, the small-grained austenite transformation was dominated by one close-packed plane (CP) group, but for the larger austenite grain, different CP groups were observed to be adjacent to each other, producing the interlocking structure. A mechanism based on the carbon distribution near the BF/austenite interface is proposed to account for this difference.
Introduction
Bainitic microstructures have been widely used for enhancing mechanical properties in pipeline steels [1] . Owing to the low carbon concentration in these steels, cementite is usually absent, yielding a non-lamellar microstructure consisting of bainitic ferrite (BF) and micro-constituents such as martensite and retained austenite (M/A). The BF grows in the form of clusters of thin lenticular plates or laths, known as packets and the formation of M/A constituents can be attributed to the partitioning of carbon from these BF laths to the austenite during cooling [2] .
The importance of prior-austenite grain size (PAGS) for bainite transformation is well acknowledged. Many investigations [3] [4] [5] [6] found that the rate of bainite transformation is increased by decreasing PAGS, which was attributed to an increased austenite grain boundary density, and thus an enhanced nucleation rate. Conversely, other research have shown no appreciable effect of PAGS [7] , or a reduction in transformation rate with a smaller PAGS [8, 9] . Additionally, the influence of PAGS has been suggested not to be continuous, and that there is a critical austenite grain size below which there is a distinct grain size effect [9] . To explain these conflicting observations, Matsuzaki and Bhadeshia [10] identified that different steels can show opposite PAGS effects, and that the discrepancy in kinetic behaviour is accompanied by obvious distinctions between the bainite microstructures. They hypothesised that the overall kinetics of the bainitic transformation is increased by a decrease in PAGS when the overall kinetics is limited by a slow growth rate, whereas the prior-austenite grain refinement reduces the overall kinetics for rapid growth from a limited number of nucleation sites. Furthermore, reducing PAGS has also be shown to lower the bainite-start temperature [5, 11] , and a new empirical equation for the bainite-start temperature, considering the effect of both chemical composition and PAGS has recently been developed [11] .
Despite the number of studies concerning the effect of PAGS on BF transformation kinetics, there are few investigations regarding the influence of PAGS on BF microstructures and grain refinement. Therefore, in this research specimens with various austenite grain sizes were processed to investigate the effect of PAGS before continuous cooling on the microstructural evolution and grain refinement.
Experimental Details
The chemical composition of the tested steel is shown in Table 1 . The carbon content of this steel was lowered to 0.045% to improve the weldability, toughness and the solubility of such high concentrations of niobium [12] . Titanium was added to fix the nitrogen and refine the austenite grain during solidification and subsequent reheating. In order to fully exploit the Nb concentration in this steel, and to fully dissolve its precipitates and shorten the preheating time during testing, all specimens were subjected to solid-solution heat treatments at 1250˚C with argon atmosphere protection, and then were water quenched directly from 1250˚C to room temperature.
The processing route is schematically illustrated in Figure 1 . The heat treated specimens were reheated to 1200˚C at a rate of 10˚C/s, held for 2 minutes for equilibration, and then cooled at a rate of 5˚C/s to 1100˚C for a roughing deformation (strain1) at a constant true strain rate of 10s -1 . Following roughing, the specimens were cooled immediately to 950˚C at a rate of 5˚C/s, followed by an accelerated cooling from 950˚C to 500˚C at a rate of 10˚C/s. After that, specimens were slowly cooled from 500˚C to 350˚C at a rate of 1˚C/s and finally water quenched from 350˚C to room temperature. During the solid-solution heat treatment and the thermomechanical processing illustrated above, parameters of the solid-solution heat treatment, the reheating and the roughing deformation (strain1) all can influence the PAGS before the continuous cooling. However, attention must be paid on choosing the suitable parameters to generate different PAGSs, especially the reheating temperature and duration. During reheating, not only the PAGS but also the dissolution status of Nb precipitates are changed by altering the reheating temperatures or durations [13] , which makes the investigation on the effect of PAGS biased. Differently, if the standard solid-solution heat treatment can dissolve most of the Nb precipitates, prolonging the duration of the heat treatment can result in a larger PAGS without greatly changing the Nb precipitate dissolution status. In addition, changing the rough deformation (strain1) also has little influence on the Nb precipitate dissolution status simply due to the high temperature (1100˚C) of this deformation at which the solute supersaturation, and subsequently the extent of precipitation of Nb carbide or carbonitride is very slow. Therefore, to generate austenite with different grain sizes, different parameters of the solid solution heat treatment and the rough deformation (strain 1) were used as shown in Table 2 and S, M, L and XL were designated to the specimens subjected to these different combinations of heat treatment durations and volumes of strain1. Additionally, specimen S, M, L and XL were also water quenched directly from 950˚C before the continuous cooling to reveal the prior-austenite microstructures with different PAGSs. 
Results

Prior-austenite microstructures
Optical micrographs of the prior-austenite grain boundaries (PAGBs) before the continuous cooling for specimen S, M, L and XL are shown in Figure 2 . It is clear from Figure 2 
EBSD mappings
A small area of each EBSD mapping data set was used to plot an inverse pole figure (IPF) coloured orientation map and a corresponding boundary map. For a statistical analysis of the boundary interception length and boundary density distribution, each whole data set was used.
The selected area IPF coloured orientation maps and corresponding boundary maps of the continuously cooled microstructures with different PAGSs are shown in Since the Kurdjumov-Sachs (K-S) orientation relationship ({111} //{110} , <110> //<111> ) generally provides good predictions for the BF transformation in steels [21] , it was adopted as the OR in this research, although the OR should be irrational as predicted by the phenomenological theory [22] . The method proposed by Tari et al. [23] was used to evaluate the orientations of these two parent austenite grains, and the results were used to calculate the 24 K-S variants of each austenite grain. These results are shown in Figure 7 K-S variants can also be discriminated into three Bain groups according to three distinctive variants of the Bain correspondence [24] . The sequence of the 24 K-S variants and their corresponding CP and Bain groups for this investigation was adopted from Takayama et al. [25] . To reveal detailed crystallographic features, the colours in the orientation maps were changed to show different colours for different CP and Bain groups. These maps are termed as CP and Bain group maps and are shown in Figure 8 
Effect of PAGS on variant selection
The above analysis clearly shows that there is a limited number of BF orientation variants formed in the smaller austenite grain. This suggests that after nucleation on the most potent austenite grain boundaries, the BF laths rapidly develop across the whole parent grain before nucleation sites on other austenite grain boundaries become potent enough. However, for the larger austenite grain, and because of the larger intercept length and higher volume, before the initially nucleated BF laths expand across the complete austenite grain, other austenite grain boundaries become potent enough, and there is still enough volume of austenite left for the development of these nuclei. Since variant selection happens during the BF nucleation on austenite grain boundaries through the reduction of the BF/austenite boundary energy and other mechanisms [26] , the variants selected on the austenite grain boundaries varies with the austenite grain boundary characteristics. Therefore, in austenite grains with a large PAGS, BF laths of different variant types can develop, and the variant selection is less intense than that observed in the small-grained austenite. This is consistent with previous research [27, 28] , where austenite grains with a small PAGS transformed into limited types of variants compared with large-grained austenite. Additionally, it was found in research [28] that the size of BF blocks which consisted of variants with a similar orientation, was nearly equal to the linear intercept length of the parent austenite when the size of parent austenite was smaller than ~30 m. In austenite with a grain size higher than this value, the block size was found to be considerably smaller than the size of the austenite grain, indicating that more blocks and thus more variants will be formed in coarse-grained austenite.
Effect of PAGS on grain refinement
Due to the difference in variant selection as shown in Figure 7 , the chance of forming HAGBs within each austenite grain is lower for the small-grained austenite compared to the large-grained austenite. This characteristic is also illustrated in the Bain group maps in Figure 8 Furthermore, besides the range 2, the disorientation angles of boundaries between variants transformed from different austenite grains can also fall into other disorientation angle ranges, 1 and 3. With the increase of the total PAGB area per unit volume as the PAGS is reduced, the influence of PAGB on boundary densities within the ranges 1 and 3 will be more and more evident.
Therefore, although intense variant selections exist in transformed microstructures with small PAGSs, due to the large austenite grain quantity and thus the large total PAGB area per unit volume of the small-grained austenite, the transformed microstructure is refined with the reduction of PAGS.
Effect of PAGS on the arrangement of CP and Bain groups
Besides variant selection, the arrangements of CP and Bain groups are also quite different between small-grained and large-grained austenite. During the bainite transformation, the parent austenite grain is usually divided into packets, each of which consists of a group of laths with nearly the same trace direction on a polished surface due to their habit planes being in close proximity to each other. Since the variants belonging to the same CP group have the closest habit planes [26] , packets usually consist of variants coming from the same CP group. In other words, BF laths belonging to the same CP group are usually formed side by side. However, this is only the case in austenite with a small PAGS as shown in Figure 3 (b) and Figure 8 (b) . For the austenite with a large PAGS, the parent austenite grains cannot be clearly divided into packets as shown in Figure 3 (d) and the BF laths belonging to different CP groups are formed adjacently and are well-intersected, Figure 8 (e). In this case, austenite grains are more conveniently described as being divided by Bain groups instead of CP groups. This is consistent with previous research [25] that the variants belonging to the same Bain group are created adjacently in bainite transformed at higher temperatures and thus smaller driving forces.
Obviously, it is these differences in the arrangement of CP groups between austenite grains with small and large PAGS that result in the differences in optical morphology. For transformed microstructure with the small PAGS, a single CP group is dominant, and the boundaries between parallel laths are quite continuous, Figure 8 (a), and thus can be identified easily in optical micrographs or SEM micrographs.
However, in transformed microstructure with the large PAGS, the BF laths belonging to different CP groups were observed to be adjacent to each other, thus forming an interlocking morphology. Due to the incomplete transformation phenomenon of bainite [2] and this intricate morphology of BF laths, equiaxed carbon-rich M/A particles are found between the BF laths. Furthermore, the lath boundaries are less continuous as shown in the upper part of Figure 8 (a), and are therefore not obvious from optical micrographs. Although it is possible to say that it is the impingement between different Bain groups that results in this interlocking morphology, it also exists in the area where a single Bain group is dominant, as shown in the upper part of austenite grain in Figure 8 (c). This latter situation is consistent with the results in previous research [29] , where adjacent non-parallel sets of BF laths were found belonging to the same Bain group and appearing as a single grain in the optical micrographs. Although the thickening of BF laths during continuous cooling usually covers up this interlocking morphology in optical micrographs, it can be clearly revealed in partially transformed microstructures [29] [30] [31] .
The possible formation mechanism of a variant pair belonging to a different CP group but the same Bain group maybe can be explained from the variant selection during the BF nucleation on lattice defects. Since in this research, the continuous cooling rate is relatively slow, the BF transformation happens at a relatively high temperature. Therefore, the transformation strain is accommodated plastically by the austenite and BF, and thus dislocations could be introduced into the austenite which have characteristics that are strongly related to the first nucleated variant [2] . And according to the variant selection model proposed by Butron-Guillen et al. [21] , the formation of each variant can be closely linked to a particular slip system. Therefore, it is possible that the dislocations in the austenite introduced by the first nucleated variant is a suitable nucleation site for the sympathetic nucleation of other BF laths, defined as strain-induced nucleation [2] , and indeed a two stage nucleation behaviour has been observed before [30] . The first stage is associated with the primary plates nucleating at the austenite boundaries and grows towards the inside of austenite grains.
The second stage is the secondary plates nucleating on the primary plates and growing in a different direction [30] . Lambert-Perlade et al. [21] suggested this particular kind of variant pairs becomes favoured because that this particular spatial and crystallographic kind of variant pair is able to reduce the plastic deformation in the austenite phase, which could help the growth of BF laths. A separate investigation by Takayama et al. [25] proposed that the reduction in boundary energies between variants is the reason for the formation of this particular variant pair because variants belonging to the same Bain group usually have smaller disorientation angles and that the boundary energy decreases significantly with decreasing disorientation angle below about 15˚.
Interestingly, this variant pairing mechanism is not dominant in the BF microstructures with the small PAGS. Although the austenite grain size exhibits an effect on the bainite start temperature and transformation kinetics, the possibility of transformation temperature acting as the dominant factor can be excluded. This is due to the fact that the same differences resulted from PAGS were also observed in isothermally transformed bainite microstructures [30] , although no explanation was provided.
A review of the martensite transformation shows that there is a very similar nucleation process to what this research has found in large-grained austenite. This process is known as autocatalysis, which describes the situation where plates of martensite form and induce new embryos that are then available for further transformation [2] . Autocatalysis is responsible for the bursts of transformation that the initial formation of a plate stimulates a disproportionately large degree of further transformation and most importantly, it was found that the burst temperature of martensite is decreased with the reduction of austenite grain size [32, 33] . This effect of austenite grain size is attributed to the fact that the burst of martensite transformation arises as a consequence of the severe elastic and plastic disturbance of the austenite in the immediate vicinity of a plate of martensite [2] . It is the displacive transformation strain that causes this disturbance. The intensity of the stress and strain field set-up by a plate is proportional to its size, which, in the case of the firstly formed plates, can be considered to be limited by the grain size of the austenite. It follows that the formation of one plate in a coarser austenite grain will cause a higher range of elastic and plastic disturbance, and thus a higher burst temperature [32] .
However, the situation is different in the BF transformation, where laths are stopped below a certain size due to the plastic accommodation of the transformation strain in the austenite, and the formation of laths actually lowers the average transformation strain volume from around 0.23 to 0.13 [2] . Therefore, the elastic and plastic disturbance of the austenite should not be significantly influenced by the size difference of laths and thus PAGS.
A more reasonable explanation could be based on the driving force of BF transformation from austenite near the BF/austenite interface. Because of the fact that the post-transformation carbon content of BF tends to be significantly higher than equilibrium and the diffusion coefficient of carbon in austenite is significantly lower than that in ferrite, there are carbon enriched regions in the austenite around the existing BF laths [34] . Since the grain boundary area per unit volume is lower in the large-grained austenite, fewer BF laths form per unit volume at a certain time than those in the small-grained austenite, as schematically shown in Figure 10 .
Furthermore, BF grows under a relatively small driving force, which is only adequate for the development of a low carbon nucleus [2] . Therefore, the carbon concentration of the austenite near the existing BF laths can be reduced sufficiently in large-grained austenite to a level that strain-induced nucleation sites become potent enough to generate BF, whereas in small-grained austenite the carbon diffusion fields of adjacent BF laths are more likely to overlap, keeping the carbon concentration higher than the level to allow nucleation sites to be potent enough. The low cooling rate in the present research also provides enough time at high temperatures, which facilitate the carbon diffusion in austenite. However, more details on the transformation strain plastic accommodation and carbon distribution profile are needed to propose a clear answer. 
Conclusions
In this research specimens with various austenite grain sizes were processed to investigate the effect of PAGS before continuous cooling on the microstructural evolution and grain refinement. Through detailed crystallographic analysis, it has been found that:
(1) Under a relatively slow continuously cooling rate, intense BF variant selection occurs for small-grained austenite and BF laths, belonging to the same CP group, tend to grow side by side forming packet structures that are visible in optical micrographs.
(2) For large-grained austenite, nearly all the variants are formed and variants from different CP groups but the same Bain group tend to grow together forming an interlocking structure, which is difficult to distinguish in optical micrographs. This morphology difference may be attributed to possible lower carbon concentrations near the BF and austenite interfaces in the large-grained austenite than those in the small-grained austenite.
(3) Although intense variant selections exist in transformed microstructures with small PAGSs, due to the large austenite grain quantity and thus the large total PAGB area per unit volume of the small-grained austenite, the transformed microstructure is refined with the reduction of PAGS.
